The global increase in detection of cyanobacteria and their metabolites has prompted greater emphasis in optimizing water treatment options for their effective removal. In particular, conventional coagulation and clarification processes have been shown to be effective in removing whole cyanobacterial cells, and consequently a majority of the metabolites. However, the resultant cyanobacterial-laden sludge is often not closely monitored in treatment plants. This study has shown that the sludge supernatant derived from the coagulation/sedimentation of a range of natural cyanobacterial blooms contained extremely high concentrations of metabolites (up to ∼8,000 ng L -1 of geosmin and ∼90 μg L -1 of microcystins), which was attributed to cell lysis.
INTRODUCTION
The impacts of cyanobacteria on water and wastewater treatment processes have become more closely scrutinized in recent times due to increased detection of these organisms in water bodies; a consequence that some believe is due to the impacts of climate change and global warming (Paerl et al. ) . It is well established that these organisms have the propensity to produce metabolites, which can be recalcitrant to conventional treatment processes and, as such, have the ability to impair the quality of water from an aesthetic and human health perspective. A recent study has shown that cyanobacterial-laden sludge can release significant concentrations of metabolites into supernatants after 3 d, and that the cells remained viable for up to 7 d (Ho et al. ) . That study was conducted using laboratory-cultured species of Anabaena circinalis and Cylindrospermopsis raciborskii. Literature is sparse when determining whether natural blooms of cyanobacteria behave similarly to laboratory-cultured cyanobacteria due to the different matrices in which the cyanobacteria proliferate. Dixon et al. () treated a natural bloom material using an integrated system comprising coagulation, powdered activated carbon and ultrafiltration; however, they could not make any definitive comparisons with laboratory-cultured cells due to the higher cell numbers of the natural bloom material. Consequently, there is a need to ascertain whether coagulated sludge, containing natural cyanobacterial bloom material, behaves similarly to sludge containing laboratory-cultured cyanobacteria. In addition, the rate of metabolite release and its subsequent degradation in such sludge is yet to be determined.
The aim of this study was to examine the behaviour of cyanobacteria and their metabolites in coagulated sludge derived from natural blooms. In particular, this study focused on the rate of metabolite release and degradation while in the sludge supernatant. Efforts were also made to compare the findings with laboratory-cultured cyanobacteria.
EXPERIMENTAL PROCEDURES Cyanobacterial bloom material
Between January and March 2011, five significant cyanobacterial blooms occurred in various water sources in South Australia. Three of the sources were surface waters that supplement drinking water treatment plants while the other two were wastewater lagoons (see Table 1 ).
Laboratory-cultured cyanobacteria
Three cyanobacteria were used in this study: A. circinalis Samples for cyanobacterial enumeration (by microscopy using a Nikon Eclipse 50i microscope) were treated with Lugol's iodine, pressurized to 750 kPa for 2 min (900 kPa for 2 min. for M. aeruginosa) to collapse gas vesicles, then counted in a gridded Sedgewick-Rafter chamber at 200× magnification using methods described previously (Brookes et al. ) . Tests for cell viability were conducted (on a subsample in the absence of Lugol's iodine) by assessing the which produced a red emission spectrum.
Water studied
The laboratory-cultured cyanobacteria were re-suspended in Myponga Reservoir water at a cell number of 300,000 cells mL -1 for M. aeruginosa and C. raciborskii, and 900,000 cells mL -1 for A. circinalis. This South Australian drinking water source frequently experiences blooms of geosmin-producing A. circinalis and had the following characteristics at the time of this study:
Coagulation/sedimentation experiments
Coagulation experiments were conducted on the natural bloom samples and laboratory-cultured cyanobacterial samples (in Myponga Reservoir water) at room temperature 
Rate constant determination
The release and degradation of the metabolites was modelled as a pseudo-first-order reaction based on a simplified 
RESULTS AND DISCUSSION
Cyanobacterial bloom material The rate of release and degradation of geosmin and MIB followed pseudo-first-order kinetics with the calculated rate constants shown in Table 2 . The rate of geosmin release was more rapid than its subsequent degradation, while the opposite was apparent for MIB. The more rapid release of geosmin may be due to its physicochemical properties, in particular its volatility and solubility (in water). The The MCRR and MCYR release rates also followed pseudo-first-order kinetics with the rate constants listed in Table 2 . The rates of MCYR release were the same order of magnitude as geosmin and MIB, with more rapid release observed in the Angaston sample compared with Bolivar.
The rate of MCYR degradation in the Bolivar sample was an order of magnitude greater than a previous study utilizing 
Laboratory-cultured cyanobacteria
Similar coagulation and sedimentation experiments were conducted using laboratory-cultured cyanobacteria, more specifically, a geosmin-producing A. circinalis, a microcystinproducing M. aeruginosa and a CYN-producing C. raciborskii. (Figure 2(a) ), the concentration of which decreased with time. This decrease was attributed to biodegradation, similar to the results from the natural bloom samples.
In order to provide irrefutable evidence that the loss of geosmin was due to biodegradation, an additional experiment was conducted where geosmin was dosed into Myponga
Reservoir water and compared with a parallel experiment conducted in sterilized Myponga Reservoir water (Figure 3 ).
The lack of geosmin loss in the sterilized experiment confirmed that the loss in the unsterilized Myponga Reservoir water was due to biodegradation and not some other physical processes.
In contrast to geosmin, CYN and the microcystins with Myponga sludge (3.7 × 10 -3 h -1 ) (see Tables 2 and 3 ). This is thought to be due to the different Microcystis species producing MCRR in the different samples, in particular, greater production of MCRR by the Angaston bloom 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
The results from this study showed that cyanobacterial-laden coagulant sludge can release copious amounts of metabolites into the supernatant. In most Australian treatment plants, such sludge is managed in lagoons where the process dewaters the sludge to assist in its disposal. However, of concern is the fact that in some cases the sludge supernatant from the lagoons can be recycled back to the head of the treatment plants, which can be problematic since extracellular cyanobacterial metabolites are not well removed by conventional coagulation, clarification and filtration processes. To date, little information exists in the public domain with respect to the fate of cyanobacterial metabolites in sludge supernatants derived from natural cyanobacterial blooms. This study provides some pertinent information, in particular:
• within 5 d, up to ∼8,000 ng L -1 of geosmin was released from cells within alum sludge;
• the released geosmin (and MIB) was efficiently biodegraded to below analytical detection between 15 and 20 d;
• up to ∼90 μg L In some instances, results from the laboratory-cultured cyanobacteria were comparable to natural bloom material, in particular geosmin, where the pseudo-first-order rates of degradation were similar. The derived rate constants may be used not to only ascertain the half-lives of the metabolites, but also in mathematical models to simulate the fate of the metabolites under a range of conditions.
